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1. Introduction 
It is known that Maxwell equations are the footstone of classical electromagnetic theory and have 
become the important part of other physical phenomenological theories for example the theory of 
superconductivity [1, 2] though there were various generalizations [3-6]. These equations, 
however, are incapable of formulating the dissipation of current in conductors since they are 
independent of the Ohm's law 
EJ σ= ,                                                   (1) 
which is closely related to the Joule law for current dissipation, where J, E and σ are electric 
current density, electric field strength and conductivity, respectively. On the other hand, the 
unobservable current dissipation in steadily superconducting state has brought a big trouble to the 
Joule law and the Ohm's law. A model for this dissipationless current is taking superconductor as 
an idea conductor without Ohm resistance, or with ∞=σ  in Eq. (1) [1]. But the infinite 
conductivity is found to violate the experiment of Meissner effect [1]. Indeed, to overcome this 
difficulty, one can turn to London [7] or Ginzburg-Landau [8] theory, which avoids the use of Eq. 
(1). But, the problem of dissipation has been evaded ably by the use of a two-fluid model [9, 1]. 
The macroscopic condition for dissipationless current in steadily superconducting state is still an 
open issue. In this paper, instead of Maxwell equations we propose a set of improved equations for 
the electromagnetic phenomena in isotropic media. These equations, from which the London 
equations can be derived under certain conditions, involve Maxwell equations and are compatible 
with Ginzburg-Landau ones. With these equations and the simple model of an infinitely long 
straight circular wire carrying a steady current, we obtain the relation between normal current and 
electric field and show that the dissipation is particularly relative to free volume charges that 
originate from the self-Hall-effect. It naturally leads to such a deduction: different from the normal 
state, the steadily superconducting state is that without the existence of free volume charges when 
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having a current. This nonexistence of free volume charges is found to be an explanation to the 
absence of Hall effect in a superconducting state [10-12]. A number of experiments show that the 
Hall coefficients of materials tend to zero when the materials go into steadily superconducting 
state [13, 14, 15]. And we find that zero Hall coefficient is a candidate condition for nonexistence 
of free volume charges in conductors with current. These would provide another angle of view for 
superconducting mechanism [16-21].  
 
2. Theory 
The derivation of our equations will be discussed later. Here we show them directly, which are 
of the forms 
t∂
∂−=×∇ BE ,                                              (2) 
0=⋅∇ B  ,                                                 (3) 
t∂
∂+=×∇ DJH ,                                            (4)  
ρ=⋅∇ D ,                                                 (5) 
EJ −=∇+∂
∂ )()(
2
rr
c
t εμ
αρα
,                                     (6) 
BJ =×∇ )(α ,                                              (7) 
where D, B, H and ρ  are electric displacement, magnetic induction, magnetic field strength and 
free electric charge density, respectively; c, rμ  and rε are the light speed in vacuum, the relative 
permeability and dielectric constant, respectively; ),( trαα = , a parameter depending on space 
coordinates and time in general. Equations (2)-(5) are just Maxwell equations and Eqs. (6) and (7) 
are new ones as the improvement of electromagnetic equations, which are from these four 
equations [see Eqs. (47) and (48)]  
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rr
c
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=∂
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         JA αφ =∇+ ,                                             (9) 
         AAB ×∇=∇+×∇= )( φ ,                                  (10) 
         ϕφϕφ ∇−∂
∂−=∂
∂−∇−∂
∇+∂−=
ttt
AAE )()( ,                   (11) 
where A and ϕ  are vector potential and scalar potential, respectively; φ  is a scalar function 
depending on space coordinates and time. 
   One sees that Maxwell equations (2) and (3) can be derived from Eqs. (6) and (7) [this 
suggests in one aspect that Eqs. (6) and (7) are valid in physics]. So, the independent ones in 
equations (2)-(7) are only (4)-(7). Obviously, they are gauge invariant. It should be noticed that, 
when  but 0=J 0≠B , or when both andJ ρ are zero but 0≠E , we can not find a parameter 
α  for Eqs. (6) and (7). In other words, we can not find a parameter k, which make Eq. (43) held 
(see below). In these two cases, corresponding to the situation of order parameter 0=ψ  in 
Ginzburg-Landau theory, we have no Eqs. (6) and (7) and should come back to Maxwell equations 
(2)-(5). It is seen that the condition of 0=ρ , 0=E and 0≠J makes Eqs. (6) and (7) held. 
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 By letting =constant and)/( 2enm s−=α 1== rr εμ , Eqs. (6) and (7) become the London ones 
[7], where m and e are the electron mass and elementary charge, respectively; and ns the number 
density of superconducting electrons. Note in Ref. [7], electric charge density ρ is nonzero in 
general, for example in a transiently superconducting state. The improved electromagnetic 
equations are compatible with Ginzburg-Landau equations. On scanning the second 
Ginzburg-Landau equation  [8] and letting AJ *2** /)(2/ ψψψψψψ ⋅−∇−∇⋅= memeih
)/exp()()( hφψ iens rr = , we obtain Eq. (9) and then Eq. (7) immediately, with , 
where the number density of superconducting electrons is now not a constant. In this case, the first 
Ginzburg-Landau equation [8] becomes a choice of our equations for determining parameter
))(/( 2enm s r−=α
α  in 
steady state. It should be noticed that, in steady state, Ginzburg-Landau equations are the 
sufficient conditions but not the necessary ones for Eqs. (9) and (7). In other words, Eqs. (7) and 
(9) are the necessary conditions for the second Ginzburg-Landau equation and need not be 
restricted by it. Equations (6) and (7) are of the same derivation. And the validity of 
Ginzburg-Landau equations suggests in another aspect that Eqs. (6) and (7) are valid in physics.  
We now turn to discuss the dissipation of current in conductors then come back to the 
discussion of application of our equations to the superconductivity again. As mentioned above, 
Maxwell equations are independent of the Ohm's law and incapable of formulating the dissipation 
of current in conductors. We show here, however, the relation between electric current and electric 
field can be deduced from Eqs. (4)-(7) and Lorenz force formula under the condition of an 
infinitely long straight circular nonmagnetic wire carrying a steady current J. It is of the form 
 [see Eq. (A26) in Appendix A], being from these two relations [see Eq. (A24) and 
Eq. (A25)]: 
DneEJ z /=
      ,                                              (12)  DBEE zr /θ−=
neJBEr /θ−= .                                              (13) 
Equation (12) is from Eqs. (4)-(7) and Eq. (13) from Lorenz force formula with a assumption that 
carriers are electrons, where is the electric field along the wire and is the Hall electric field 
along the radius of wire;  and 
zE rE
|| J=J || B=θB ; n is the number density of free electrons and  
is a constant determined by experiment, to be the reciprocal of the mobility of free electrons,
D
eμ . 
The derivations of Hall electric field and the relation between electric current density and electric 
field suggest in the third aspect that Eqs. (6) and (7) are valid in physics. People always 
attribute the current dissipation to the Ohm resistance. It is certainly true since Joule heat density 
is , which tells us that the Joule heat density is inversely proportional to the conductivity or 
directly proportional to the resistivity. We show here, however, behind the Ohm resistance, there 
zE
σ/2J
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exists another particular factor for the dissipation of current. It is the free volume charges. Our 
formula for the heat density of current in a nonmagnetic conductor is of the form           
         
r
z
DcJEQ ε
ρ2−== .                                         (14) 
This is from improved electromagnetic equations [see Eq. (A17)]. In fact, with the Ohm's law, a 
similar formula can also be deduced by assuming a constant electric current density and 
considering the self-Hall-effect in the wire (see Appendix B). But here, we have no condition 
sufficiently in hand to ensure the number density of electrons therefore the electric current density 
being a constant, owing to the self-Hall-effect. It should be emphasized that the condition for Eq. 
(14) is that there exists a steady current J. The free volume charges is generated by current than 
added from outside and  when Ohm's law holds. Moreover, the generation of 
negative free volume charges at one place of circuit will result in the same magnitude of positive 
charges at another place of circuit due to the conservation of charges. 
)/( 22 σερ DcJr−=
   One sees that, besides the Ohm resistance (note that in the case of carriers being the 
electrons, eD μ/1= ), the existence of free volume charges is indispensable for the dissipation. 
The heat density is directly proportional free volume charge density in the wire. Equation (14) 
makes us think of the superconductivity. The steadily superconducting current means no 
dissipation. The absence of dissipation requires 0=zE  when 0≠J (see Appendix A). It leads to 
 (since [Eq. (A24)]) immediately. And then0=rE DBEE zr /θ−= 0=ρ  
(since ρεε =⋅∇ )( 0 Er ), which is consistent with Eq. (14). Inversely, with the condition of 0≠ρ , 
by Eq. (14) we know that there has a dissipation with current in this long straight wire. So, 0=ρ  
would be the necessary condition for steadily superconducting state with . Note that the 
premise of traditional Joule heat formula  is that the Ohm's law
0≠J
σ/2J EJ σ=  holds. And 
when 0=ρ , , the bridge connecting electric current and electric field is cut off (see 
Appendix A) and we have no the Joule heat formula .  
0== rz EE
σ/2J
The above discussion is based on the special relation Eq. (14), which is from the condition of 
an infinitely long straight circular nonmagnetic wire carrying a steady current. We now show 
directly from Eqs. (4)-(7) that the nonexistence of free volume charges is the sufficient condition 
of steadily superconducting state with 0≠J . For a steady state, 0/)( =∂∂ tJα  therefore 
 by Eq. (6); IfE−=∇ )/( 2 rrc εμαρ 0=ρ  and 0≠J , then 0=E  and , without 
dissipation of current, being a superconducting state [see an example described by the solution of 
Eqs.(A27) and (A28); note that if there have only Maxwell equations, we cannot reach this 
conclusion]. In fact, it is just the free volume charges who build up the bridge relating electric 
field and electric current in steady state, as shown in Eqs. (4)-(7). The absence of free volume 
0=⋅EJ
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charges will break down this relation and then we can have E=0 but 0≠J . So it is not surprising 
that the Ohm law is invalid in the steadily superconducting state.  
It is interesting to look into the relationship between the existence of free volume charges and 
Hall effect. One sees from the Appendix A that, free volume charges are symbiotic with the 
electric field due to self-Hall-effect in an infinitely long straight circular nonmagnetic wire 
carrying a steady current J. They are connected by Eqs. (12) and (14), from which we 
obtain . This relation tells that, when
rE
)/(2 JBcE rr ερ θ= 0=ρ , 0=rE  and vice versa. Namely, 
the Hall electric field together with free volume charges disappears in the wire carrying steady 
current. On the other hand, since the early work of Onnes and Hof [10], it has been generally 
supposed that there is no Hall effect in a superconducting state. Lewis made another attempt to 
test the effect, but with a negative result [11]. After some of theoretical analysis based on the 
existing theories, Lewis concluded "that an explanation of the absence of a Hall effect in a 
superconductor will require an extension of present theory in a direction not easily foreseen" [12]. 
Equations (4)-(7) with condition 0=ρ  can give an explanation to this phenomenon: for a stead 
state of 0=ρ  and . As discussed above, it should be a superconducting state and . 
Indeed, this involves the Hall field. So there is no Hall effect in the superconductor. So far to 
the best of our knowledge, the Hall effect of superconductors has only been observed in the mixed 
states and intermediate states [13, 22-25] when the dissipative processes of currents take place 
[22]. This also suggests that the nonexistence of free volume charges would be necessary for the 
steadily superconducting state with
0≠J 0=E
E
0≠J . The above discussions lead us to such a picture: the 
steadily normal current coexists with free volume charges and the steadily superconducting 
current doesn’t. It should be noticed that the condition 0=ρ  then 0=E  for superconductivity 
is only in the steady state. For the transiently superconducting state, we have no this condition. 
According to the above discussion, in a long straight circular wire carrying a steady current, when 
Hall field , it has0=rE 0=ρ . And according to Eq. (12), coefficient 0/1 =D  is the sufficient 
condition for . This suggests that Zero Hall coefficient with a material is a candidate 
condition for steadily superconducting state. In fact, there are a number of experiments [13, 14, 15] 
showing that the Hall coefficients of materials tend to zero when the materials go into steadily 
superconducting state. The model of exciton conduction or electron–hole pairing is that worthy of 
note [26-28], for which the Hall effect of electrons is expected to be counteracted by that of holes. 
In fact, in the mentioned experiments [13, 14, 15], near the transition temperature and under a 
suitable magnetic field, the Hall coefficient shows clearly an oscillation around the zero point, 
which would be the evidence of that there exist a competition between hole and electron 
conductions. A possible test material of electron–hole pairing is a semiconductor with two types of 
carriers, electrons and holes, with high concentration and at a proper ratio.   
0=rE
 For a steady state with 0=ρ and 0≠J , according to the above discussion, it is a 
superconducting state. What we should consider in Eqs. (4)-(7) are only two equations 
BJ =×∇ )(α and JH=×∇  with a parameterα . In general, the parameter cannot be determined by 
classical electromagnetic theory itself. In fact, it is a ligament linking up the classical
 electrodynamics
 
and other branches in physics and is an interesting issue to be explored. The 
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simplest case is constant=α , for example , as that found by London brothers, 
however is only an approximation. In general,
)/( 2enm s−=α
α  is a function of space coordinates. As mentioned 
above, Ginzburg-Landau equations [8] are one of choices for determining this parameter. An 
example of approximate solution of Ginzburg-Landau equations for a homogeneous type II 
superconductor just below the upper critical field is [29] 
 with the periodicity condition , 
where N is a positive integer;
))/(2/1exp()exp(),( 222 κκψ nkxinkycyx n
n
n −−∑=
∞=
−∞= nNn
cc =+
κ  is a parameter relative to critical magnetic field; k and are the 
parameters determined by minimum free energy. In this case, 
nc
 ,     (15) 22220
2
0 |))/(2/1exp()exp(|/|),(|/ κκαψαα nkxinkycyx n
n
n −−∑==
∞=
−∞=
where 0α  is a constant. The parameterα determined by London formula or Ginzburg-Landau 
equations tells the local relation between J and A. According to Eq. (9), however, the form of 
parameterα  can be more general. For example, it can be a nonlinear function of vector potential 
A, or further, its response can be nonlocal. So the relation between J and A can be nonlinear and 
nonlocal in general.        
We now begin to derive the Eqs. (2)-(9) basing on the charge conservation law and differential 
geometry, with consulting Maxwell equations. Here we consider an isotropic medium, in which 
the electromagnetic field has no singularity, i.e., the space-time manifold related to the medium is 
a simply connected one. In this space-time manifold, the charge conservation law  
        0=∂
∂+⋅∇
t
ρJ                                              (16) 
can be expressed as  
        03 =ωd ,                                                  (17) 
where d is the exterior differential operator [30, 31] and  
is a 3-form; , , and 
( ; and in a rectangular coordinate system, , , 
; 
023
023
013
013
012
012
123
1233 dxRdxRdxRdxR +++=ω
321123 dxdxdxdx ∧∧= 210012 dxdxdxdx ∧∧= 310013 dxdxdxdx ∧∧=
320023 dxdxdxdx ∧∧= ctx =0 xx =1 yx =2
zx =3 ρcR =123 , , xJR −=012 yJR =013 , zJR −=023 ). By Eq. (17) the charge conservation 
law is now becomes 
       01,0232,0133,0120,123 =−+− RRRR ,                                (18) 
 where . From Eq.(17) 
we know that
1
0231,023
2
0132,013
3
0123,012
0
1230,123 /,/,/,/ xRRxRRxRRxRR ∂∂=∂∂=∂∂=∂∂=
3ω  is a closed form. By Poincaré lemma [30] we know that 3ω  should also be an 
exact form, which means that there exists a non-closed 2-form 
 making 2323
13
13
12
12
03
03
02
02
01
012 dxGdxGdxGdxGdxGdxG +++++=ω
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        23 ωω d=                                                    (19) 
or 
       1,232,133,12123 GGGR +−=                                        (20) 
       0,121,022,01012 GGGR +−=                                        (21) 
       0,131,033,01013 GGGR +−=                                        (22) 
       0,232,033,02023 GGGR +−=                                         (23)  
One sees that Eq. (20) is just Eq. (5) and Eqs. (21)-(23) are just Eq. (4), which involve the 
relations.  
       ,  .                      (24) ),,( 030201 GGG=H ),,( 121323 GGGc −=D
In fact, in our 4-dimension space-time manifold, besides 2ω  it permits that there exists a closed 
2-form  (2323
13
13
12
12
03
03
02
02
01
012 dxFdxFdxFdxFdxFdxF +++++=τ 02 =τd ), which makes the 
following equation held:  
      )( 223 τωω += d .                                              (25) 
Of course we have 
        01,232,133,12 =+− FFF                                         (26) 
        00,121,022,01 =+− FFF                                         (27) 
00,131,033,01 =+− FFF                                         (28) 
        00,232,033,02 =+− FFF                                          (29) 
According to Poincaré lemma [30], 2τ should be an exact form, which means that there exists a 
non-closed 1-form  making  33
2
2
1
1
0
01 dxAdxAdxAdxA +++=ω
         12 ωτ d=                                                   (30) 
It immediately leads to 
        
3,22,3233,11,3132,11,212
3,00,3032,00,2021,00,101
,,
,,
AAFAAFAAF
AAFAAFAAF
−=−=−=
−=−=−=
.             (31) 
For an arbitrary closed 1-form , which is generally permitted 
to exist, we have also 
3
3
2
2
1
1
0
01 dxCdxCdxCdxC +++=τ
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       )( 112 τωτ += d                                               (32) 
and 
       
0,0,0
0,0,0
3,22,33,11,32,11,2
3,00,32,00,21,00,1
=−=−=−
=−=−=−
CCCCCC
CCCCCC
.                  (33) 
Again, according to Poincaré lemma [30], 1τ should be an exact form, which means that there 
exists a non-closed 0-form φ  making  
       φτ d=1 .                                                     (34) 
Namely,  
       3,32,21,10,0 ,,, φφφφ ==== CCCC                          (35) 
Up to this point, we have not discussed the physics of 112 ,, τωτ  and φ yet. To endow these 
forms with physics, we now build the relations between 2τ  and 2ω  as well as that between 3ω  
and )( 11 τω + with the aid of Hodge * operation [31], an algebraic operation stock, which maps an 
r-form onto a (n-r)-form (r<n) and depends on the metric of space-time manifold considered. In 
our case, n=4, so the Hodge∗operation can map a 2-form onto a 2-form as well as map a 3-form 
onto a 1-form. To perform the Hodge ∗  operation we need to introduce a metric for our 
space-time manifold. For convenience and without losing the generality we consider the following 
metric for an isotropic medium: 
            .                              (36) 
⎪⎩
⎪⎨
⎧
==
==−
=
others
g
rr
0
3,2,11
0
νλ
νλεμ
λν
With the metric we can map the non-closed 2-form 2ω onto a 2-form 2β  ( 02 =βd ), i.e., 
22 βω =∗ . The 2β  would not be just equal to 2τ . But it is possible to introduce a parameter f 
depending on space coordinates and time, which makes 
22 )( τω =∗f .                                               (37) 
Under the metric described by Eq. (36), we know that 
        )()( 2301
0013
02
0012
03
0003
12
02
13
01
232 dxGgdxGgdxGgdxGdxGdxGgff +−++−−=∗ω , (38) 
where rrg εμ=− . On substituting Eq. (38) into Eq. (37) and using Eqs. (26)-(29), we obtain 
        0)()()( 3,032,021,01 =++ aGaGaG  ,                             (39) 
        0)()()( 0,031,132,23 =−+ aGbGbG ,                              (40) 
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0)()()( 0,021,123,23 =+− aGbGbG ,                              (41) 
        0)()()( 0,012,123,13 =++ aGbGbG ,                              (42) 
where fa rrrr εμεμ=  and fb rrεμ= . By noting Eq. (24), equations (39)-(42) can be 
interpreted as Maxwell equations (2) and (3) as long as let )/(0 rrrf εμεμ−= , which shows the 
existence of relation (37) and, shows the validity of differential geometry method used here.    
Similarly, we can map the 3-form 3ω onto a 1-form 1β , i.e., 13 βω =∗ ; and then introduce 
another parameter k depending on space coordinates and time, which makes 
       113 )( τωω +=∗k  .                                            (43) 
Under the metric mentioned above,  
       )()( 3012
002
013
001
023
000
1233 dxRgdxRgdxRgdxRgkk +−+−−=∗ω .    (44) 
On the other hand (see the expressions of 1ω  and 1τ  above), 
       .  (45) 333
2
22
1
11
0
0011 )()()()( dxCAdxCAdxCAdxCA +++++++=+τω
Therefore, 
      
0123301322
0231112300
,
,
RkCARkCA
RkCARkCA
rrrrrrrr
rrrrrr
εμεμεμεμ
εμεμεμ
−=+=+
−=+−=+
           (46) 
Denoting rrrrk εμεμα −= and cA /0 ϕ−= , then we obtain 
        ρεμ
αφϕ
rr
c
t
2
=∂
∂− ,                                           (47)                        
        JA αφ =∇+ .                                              (48) 
Here Eq. (35) has been used. Further, by Eqs. (24), (32) and (37)-(42), we reach Eqs. (6) and (7) 
ultimately. In fact, Eqs. (6) and (7) can be obtained directly by using Eqs. (32), (37) and (43). It 
should be noticed that in Eq. (25), closed 2-form 2τ  is rather arbitrary. The introduction of Eqs. 
(37) and (43), however, has excluded those independent of the electromagnetic field. On the other 
hand, the above four relations (19), (32), (37) and (43) will lead to this relation  
         22 )]([ ωω ∗=∗ fdkd  ,                                      (49) 
which involves six differential equations that can, in principle, determine six parameters f, k and  
 if the 2-form)3,2,1,0( =μμμg 2ω (or the electromagnetic field) has been given. 
3. Conclusion 
    In conclusion, we have proposed a set of improved electromagnetic equations of isotropic 
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media, with which and the simple model of an infinitely long straight circular wire carrying a 
steady current, we have shown that the dissipation of current is relative to free volume charges that 
originates from self-Hall-effect; and the nonexistence of free volume charges is the condition for 
steadily superconducting state with 0≠J . Zero Hall coefficient with a material is a candidate 
condition for nonexistence of free volume charges and a possible mechanism is exciton 
conduction or electron–hole pairing [26-28]. A possible test material is a semiconductor with two 
types of carriers, electrons and holes, with high concentration and at a proper ratio. The relations 
between the nonexistence of free volume charges and the formation of Cooper pairs [16-21], 
would be an interesting issue in the future.  
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Appendix A 
Here we consider an infinitely long straight circular wire carrying a steady current J. For 
convenience, we suppose that the wire made of single material is nonmagnetic, i.e., 1=rμ . In this 
case, Eqs. (4)-(7) become  
2)( cr
E−=∇ ε
αρ
,                                            (A1) 
BJ =×∇ )(α ,                                             (A2) 
JH =×∇ ,                                               (A3) 
ρεε =⋅∇ )( 0 Er .                                           (A4) 
Further, we choose a circular cylindrical coordinates with its z-axis along the direction of current J. 
Obviosly, J has only a component Jz. Denoting the component as J and using 0=⋅∇ J , we have  
0=∂
∂
z
J ,                                                    (A5) 
which means that J is independent of z. From Eqs. (A2) and (A3), we can deduce  
JJJ 0
2 )())(( μαα =∇−⋅∇∇ ,                                   (A6) 
which is 
zzzr JJz
J
rr
Jr
rr
J
z
J
zr
J
zr
eeeee 02
2
2
2
22
22
))]()(1)((1[)()(1)( μααθ
αααθα θ =∂
∂+∂
∂+∂
∂
∂
∂−∂
∂+∂∂
∂+∂
∂
∂
∂ , 
where , and are three unit vectors of circular cylindrical coordinates, respectively. This vector 
equation is equivalent to the following three scalar ones 
re θe ze
0)( =∂
∂
∂
∂ J
zr
α ,                                             (A7) 
0)(1
2
=∂∂
∂ J
zr
αθ ,                                            (A8) 
JJ
rr
Jr
rr 02
2
2 )(
1))((1 μαθ
α =∂
∂−∂
∂
∂
∂− ,                          (A9) 
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Equations (A7) and (A8) give   
 )/()(
z
zyJ ∂
∂= α .                                            (A10) 
Let us consider Eq. (A1), which includes these three scalar equations 
2)( c
E
r
r
r
−=∂
∂
ε
αρ
,                                            (A11) 
2)( c
E
z
z
r
−=∂
∂
ε
αρ
,                                            (A12) 
2)( c
E
r
θ
ε
αρ
θ −=∂
∂
.                                           (A13) 
It is helpful to consider the symmetry of our system before going forwards. In fact, the symmetry 
of our system requires , , rE zE ρ  and rε  to be independent of θ  and z besides  and 
. So we conclude by Eq. (A13) that 
0=θE
0== rz BB α  is independent of θ , which leads to 
0/)( =∂∂ θαJ . By assuming 0≠ρ  and with these conditions, Eq. (A12) becomes  
)(2 rgzc
Ez
r
+−=ε
αρ
    or  )(2 rhzc
Ezr +−= ρ
εα ,                  (A14) 
where g(r) and h(r) are two arbitrary functions depending on r. Using Eq. (A10) we obtain  
zr E
czyJ ε
ρ2)(−= .                                              (A15) 
Function  should be independent of z and is a constant since J, , )(zy zE ρ  and rε are all 
independent of z. By denoting the constant as , Eq. (A15) can be rewritten as  D
       
zr E
DcJ ε
ρ2−= ,                                               (A16) 
or 
r
z
DcJEQ ε
ρ2−==  .                                        (A17) 
This is the Joule heat density. Substituting Eq. (A16) into Eq. (A9) and noting 0/)( =∂∂ θαJ , 
we obtain 
zrzr E
Dc
E
Dc
r
r
rr ε
ρμε
ρα
2
0
2
))((1 =∂
∂
∂
∂
 .                            (A18) 
Since is independent of z, we get immediately the result rE 0/ =∂∂ rEz  in the wire by 
equation , which leads to the simplified form of Eq. (A18)  0=×∇ E
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rrr
r
rr ε
ρμε
αρ
0))((
1 −=∂
∂
∂
∂
 .                                 (A19) 
Substituting Eq. (A11) into (A19) we get 
r
r
crE
rr ε
ρμ
2
0)(
1 =∂
∂
 .                                        (A20) 
And Eq. (A4) gives another equation 
0
)(1 ε
ρε =∂
∂
rr Errr
 .                                        (A21) 
Therefore, we have consantr =ε  incidentally from equations (A20) and (A21). It is not 
surprising as what we considered is an isotropic medium. 
By using Eq. (A16), Eq. (A20) can be rewritten as 
        J
D
ErE
rr
z
r
0)(1 μ−=∂
∂  .                                    (A22) 
And from Eq. (A3) we can deduce  
        JrB
rr 0
)(1 μθ =∂
∂ .                                         (A23) 
Here we have used the relation of θθeB B= . Comparing Eq. (A22) with Eq. (A23), we find that 
         θBD
EE zr −= .                                           (A24) 
On the other hand, by Lorenz force formula, we find immediately that the Hall electric field is of 
the form  
        rrr Bne
JE eBve θ−=×= ,                                  (A25) 
for which we have assumed that the carriers are free electrons with a number density of n. In fact, 
the electric field in Eq. (A24) is, indeed, the same as that in Eq. (A25). So we have rE
         zneED
J 1= .                                            (A26) 
This is the relation between electric current density and electric field , which can be interpreted 
as the Ohm's law as long as let 
zE
eD μ=/1 , the mobility of free electrons. In fact, the relation 
eD μ=/1  can be determined by experiment. Now, we know that it is just the free volume 
charges who maintain the electric field  relative to the current J.  zE
    When 0=ρ , what we should consider are two equations from Eqs. (A7)-(A9):  
         )(zy
z
J =∂
∂α ,                                            (A27) 
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J
r
Jr
rr 0
))((1 μα =∂
∂
∂
∂−  .                                   (A28) 
Here we consider the simplest case, 0/ =∂∂ zα , i.e., constant=α , then we obtain immediately 
from Eqs. (A28) that )/(/)/( 000 λλ RIrIJJ = , where R is the radius of the wire,  is the 
0-order modified Bessel function of the first kind;
)(0 xI
0/ μαλ −= , the penetration depth; and  
is the electric current density at r=R.   
0J
Appendix B 
We still consider an infinitely long straight circular wire carrying a steady current J and assume 
that the wire made of single material is nonmagnetic. But here, we assume further the current J is 
a constant, i.e., J is independent of r. Therefore, the magnetic induction in the wire is 
        JrB
2
0μθ = .                                                 (B1) 
Substituting Eq. (B1) into Eq. (A25), we obtain  
rJ
ne
Er
20
2
μ−= .                                             (B2) 
Further, on substituting Eq. (B2) into Eq. (A4), it yields 
ρεεμ =− 2001 Jne r .                                           (B3) 
By the Ohm's law zeneEJ μ= , we reach finally that 
       
re
z
cJE εμ
ρ2−= ,                                                (B4) 
 which is very similar to Eq. (14). But here, free volume charge density is a constant. And in Eq. 
(14), the free volume charge density can vary with r. 
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